Summary Adenosylcobalamin-dependent diol dehydratase and glycerol dehydratase are isofunctional enzymes that catalyze the dehydration of 1,2-diols to the corresponding aldehydes. Although they bear different metabolic roles, both enzymes consist of three different subunits and possess a common ( ␣␤␥ ) 2 structure. To elucidate the roles of each subunit, we constructed expression plasmids for the hybrid dehydratases between diol dehydratase of Klebsiella oxytoca and glycerol dehydratase of Klebsiella pneumoniae in all the combinations of subunits by gene engineering techniques. All of the hybrid enzymes were produced in Escherichia coli at high levels, but only two hybrid enzymes consisting of the ␣ subunit from glycerol dehydratase and the ␤ subunits from diol dehydratase showed high activity. The substrate specificity, the susceptibility to inactivation by glycerol, and the monovalent cation specificity of the wild type and hybrid enzymes were primarily determined by the origin of their ␣ subunits. Key Words coenzyme B 12 , adenosylcobalamin, diol dehydratase, glycerol dehydratase, hybrid enzymes Diol dehydratase ( DL -1,2-propanediol hydro-lyase, EC 4.2.1.28) and glycerol dehydratase (EC 4.2.1.30) are isofunctional enzymes that catalyze the AdoCbl 1 -dependent conversion of 1,2-diols to the corresponding deoxy aldehydes ( 1-3 ). They consist of the three different subunits, ␣ ( Mr 60,000-61,000), ␤ ( Mr 21,000-24,000), and ␥ ( Mr 16,000-19,000), and dissociate into two dissimilar protein components in the absence of substrate ( 4, 5 ). Large and small components correspond to the ␣ 2 ␥ 2 complex and the ␤ subunit, respectively ( 6, 7 ). Their catalytic properties are similar, but they are different in the binding affinity for AdoCbl ( 8, 9 ) , substrate specificity ( 1-3, 10, 11 ), susceptibility to suicide inactivation by glycerol ( 2, 9, 10 ), monovalent cation specificity ( 1, 11, 12 ) , and immunochemical reactivity toward anti-diol dehydratase antiserum ( 11 ) (for review, see Refs. 13-15 )). In order to reveal their similarities and differences on a molecular level, we cloned, sequenced, and expressed the diol dehydratase genes of Klebsiella oxytoca ( 16 ) and K lebsiella pneumoniae ( 17 ) and the glycerol dehydratase genes of K. pneumoniae ( 18 ). The glycerol dehydratase genes of Citrobacter freundii ( 19 ) and Clostridium pasteurianum ( 20 ) and the diol dehydratase genes of Salmonella typhimurium ( 21 ) and Lactobacillus collinoides ( 22 ) have also been cloned by other investigators. Comparison of the deduced amino acid sequences of the corresponding subunits between diol and glycerol dehydratases indicated that the ␣ subunit is most highly conserved among the subunits of the enzymes (identity, 71%), whereas the homologies of ␤ and ␥ subunits are lower (identities, 58% and 54%, respectively) ( Fig. 1) ( 18 ) . The N-terminal 32 and 37 amino acid residues of the ␤ and ␥ subunits, respectively, of diol dehydratase are lacking in the corresponding subunits of glycerol dehydratase (16) (17) (18) . These regions of ␤ and ␥ subunits of diol dehydratase lower the solubility of diol dehydratase ( 23 ). The X-ray structures ( 7, 24, 25 ) revealed that both enzymes exist as ( ␣␤␥ ) 2 complexes whose overall structures are strikingly similar. The structures of the active sites of both enzymes are also similar-that is, the K ϩ ion is bound in the inner part of the so-called TIM (triose phosphate isomerase) barrel of the ␣ subunit, and the two hydroxyl groups of substrate 1,2-propanediol are directly coordinated to this K ϩ ion. The corrin ring of the coenzyme AdoCbl bound in the interface between ␣ and ␤ subunits covers the active-site cavity to isolate the active site from the bulk of water. Cobalamin is bound in the base-on mode, that is, with 5,6-dimethylbenzimidazole coordinating to the cobalt atom. The ␤ subunit interacts with the lower nucleotide ligand of cobalamin. The ␥ subunit is attached on the ␣ subunit apart from the substrate-and coenzyme-binding sites. The amino acid residues that interact directly with K ϩ and/or 1,2-propanediol are conserved between these two enzymes ( 7, 24 ), although the substrate specificity
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dependent conversion of 1,2-diols to the corresponding deoxy aldehydes (1) (2) (3) . They consist of the three different subunits, ␣ ( Mr 60,000-61,000), ␤ ( Mr 21,000-24,000), and ␥ ( Mr 16,000-19,000), and dissociate into two dissimilar protein components in the absence of substrate ( 4, 5 ) . Large and small components correspond to the ␣ 2 ␥ 2 complex and the ␤ subunit, respectively ( 6, 7 ) . Their catalytic properties are similar, but they are different in the binding affinity for AdoCbl ( 8, 9 ) , substrate specificity ( 1-3, 10, 11 ) , susceptibility to suicide inactivation by glycerol ( 2, 9, 10 ) , monovalent cation specificity ( 1, 11, 12 ) , and immunochemical reactivity toward anti-diol dehydratase antiserum ( 11 ) (for review, see Refs. [13] [14] [15] ). In order to reveal their similarities and differences on a molecular level, we cloned, sequenced, and expressed the diol dehydratase genes of Klebsiella oxytoca ( 16 ) and K lebsiella pneumoniae ( 17 ) and the glycerol dehydratase genes of K. pneumoniae ( 18 ) . The glycerol dehydratase genes of Citrobacter freundii ( 19 ) and Clostridium pasteurianum ( 20 ) and the diol dehydratase genes of Salmonella typhimurium ( 21 ) and Lactobacillus collinoides ( 22 ) have also been cloned by other investigators. Comparison of the deduced amino acid sequences of the corresponding subunits between diol and glycerol dehydratases indicated that the ␣ subunit is most highly conserved among the subunits of the enzymes (identity, 71%), whereas the homologies of ␤ and ␥ subunits are lower (identities, 58% and 54%, respectively) ( Fig. 1) ( 18 ) . The N-terminal 32 and 37 amino acid residues of the ␤ and ␥ subunits, respectively, of diol dehydratase are lacking in the corresponding subunits of glycerol dehydratase (16) (17) (18) . These regions of ␤ and ␥ subunits of diol dehydratase lower the solubility of diol dehydratase ( 23 ) . The X-ray structures ( 7, 24, 25 ) revealed that both enzymes exist as ( ␣␤␥ ) 2 complexes whose overall structures are strikingly similar. The structures of the active sites of both enzymes are also similar-that is, the K ϩ ion is bound in the inner part of the so-called TIM (triose phosphate isomerase) barrel of the ␣ subunit, and the two hydroxyl groups of substrate 1,2-propanediol are directly coordinated to this K ϩ ion. The corrin ring of the coenzyme AdoCbl bound in the interface between ␣ and ␤ subunits covers the active-site cavity to isolate the active site from the bulk of water. Cobalamin is bound in the base-on mode, that is, with 5,6-dimethylbenzimidazole coordinating to the cobalt atom. The ␤ subunit interacts with the lower nucleotide ligand of cobalamin. The ␥ subunit is attached on the ␣ subunit apart from the substrate-and coenzyme-binding sites. The amino acid residues that interact directly with K ϩ and/or 1,2-propanediol are conserved between these two enzymes ( 7, 24 ) , although the substrate specificity and the monovalent cation specificity are somewhat different between them. To help the understanding of the role of each subunit in the catalysis, a study of the hybrid enzymes between diol and glycerol dehydratases may be useful, but not yet reported so far. Complementation of incompletely cloned diol dehydratase-or glycerol dehydratase-encoding gene regions from environmentally derived bacteria with the respective enzyme genes of known bacteria was reported ( 26 ) .
To investigate the effect of the subunit exchange between diol and glycerol dehydratases on catalytic properties, we constructed expression plasmids for the hybrid dehydratases between diol dehydratase of K. oxytoca and glycerol dehydratase of K. pneumoniae in all the combinations of subunits by gene engineering techniques. In this paper, heterologous expression of hybrid enzyme genes as well as purification and characterization of the hybrid enzymes are reported.
MATERIALS AND METHODS

Materials.
Crystalline AdoCbl was a gift from Eizai, Tokyo, Japan. Brij35 was purchased from Sigma, St. Louis, USA. Other chemicals were analytical grade reagents.
Construction of expression plasmids. Construction of pUSI2E( ␣ D ), pUSI2E( ␤ D ), and pUSI2E( ␥ D ) carrying the genes for ␣ , ␤ , and ␥ subunits, respectively, of diol dehydratase of K. oxytoca ATCC8724 were described previously ( 6 ). Construction of pUSI2E( ␣ G ), pUSI2E( ␤ G ), and pUSI2E( ␥ G ) carrying the genes for ␣ , ␤ , and ␥ subunits, respectively, of glycerol dehydratase of K. pneumoniae ATCC25955 were also reported before ( 7 ).
The 0.55-kb Bam HI-Bgl II fragment from pUSI2E( ␥ D ) and the 0.45-kb Bam HI-Bgl II fragment from pUSI2E( ␥ G ) were inserted into the Bgl II sites of pUSI2E( ␤ D ) and pUSI2E( ␤ G ) in the same orientation to yield pUSI2E( ␤D␥D), pUSI2E(␤D␥G), pUSI2E(␤G␥D) and pUSI2E(␤G␥G). The 1.0-1.2-kb BamHI-BglII fragment from pUSI2E(␤D␥D), pUSI2E(␤D␥G), pUSI2E(␤G␥D) and pUSI2E(␤G␥G) were inserted into the BglII site of pUSI2E(␣D) and pUSI2E(␣G) in the same orientation to yield pUSI2E(␣D␤D␥D), pUSI2E(␣D␤D␥G), pUSI2E(␣D␤G␥D) and pUSI2E(␣D␤G␥G), and pUSI2E(␣G␤D␥D), pUSI2E(␣G␤D␥G), pUSI2E(␣G␤G␥D) and pUSI2E(␣G␤G␥G).
Cell culture. Escherichia coli JM109 cells carrying each expression plasmid were cultivated aerobically at 30˚C in LB medium containing ampicillin (40 g/mL) and 1,2-propanediol (0.1%). When the culture reached an OD600 of approximately 0.9, IPTG was added for induction to a final concentration of 1 mM. The cells were further cultured for additional 7 h and then harvested.
Purification of hybrid enzymes. The ␣G␤D␥G hybrid enzyme was produced in a soluble form and purified by the same procedure as described before for purifying glycerol dehydratase ( 7 ), method 1) except that a Sephadex G200 gel filtration step was omitted and 40% saturation, instead of 50%, was used in an ammonium sulfate-fractionation step. In contrast, since the ␣ G ␤ D ␥ D hybrid enzyme was produced in a precipitant fraction, it was purified by the procedure used for diol dehydratase ( 6 ) with the following modifications: The membrane fraction was washed three times with 50 m M potassium phosphate buffer (pH 8.0) containing 2% 1,2-propanediol and 0.2% Brij35, and the hybrid enzyme was then extracted from the crude membrane fraction with 10 m M potassium phosphate buffer (pH 8.0) containing 2% 1,2-propanediol and 1% Brij35.
Enzyme and protein assays. The amount of aldehydes formed during 1-min or 10-min incubation of enzyme, coenzyme and substrate was measured by the MBTH method ( 8 ) or the NADH-alcohol dehydrogenase coupled method ( 27 ) . In the latter method, alcohol dehydrogenase from horse liver, instead of 1 from yeast, was used. One unit is defined as the amount of enzyme activity that catalyzes the formation of 1 mol of propionaldehyde per min under the standard assay conditions using 1,2-propanediol as substrate. Since the solubilities of diol dehydratase ( 6, 16 ) and the ␣ G ␤ D ␥ D hybrid enzyme are low, homogenates, crude extracts, and purified preparations of enzymes to be assayed were diluted in 50 m M potassium phosphate buffer (pH 8.0) containing 2% substrate and 0.1-1% Brij35. Apparent Km of the hybrid enzyme for glycerol was determined by the 1-min MBTH assay method ( 11 ) .
Protein concentration of crude enzymes was measured by the method of Lowry et al. ( 28 ) with crystalline bovine serum albumin as a standard. Protein concentration of purified preparations of enzymes was determining by measuring the absorbance at 280 nm.
The molar absorption coefficients at 280 nm ( ε M, 280 ), calculated by the method of Gill and von Hippel ( 29 ) from the amino acid compositions of each subunit and the subunit structures of ( ␣␤␥ ) 2 , are 120,500, 108,640, 106,080, and 112,100 for
Preparation of substrate-free and K ϩ -free enzymes. Substrate-free enzymes were obtained by spun-column chromatography on Sephadex G25 pre-equilibrated with 50 mM potassium phosphate buffer (pH 8.0) for ␣G␤D␥G or 10 mM potassium phosphate buffer (pH 8.0) containing 1% Brij35 for ␣G␤D␥D. K ϩ -free enzymes were prepared by spun-column chromatography on Sephadex G25 pre-equilibrated with 50 mM Tris·HCl buffer (pH 8.0) containing 2% 1,2-propanediol for ␣G␤D␥G or 50 mM Tris·HCl buffer (pH 8.0) containing 2% 1,2-propanediol and 1% Brij35 for ␣G␤D␥D.
Other analytical procedures. PAGE was performed under the denaturing conditions of Laemmli (30) or under the non-denaturing conditions of Davis (31) . Protein staining was carried out with Coomassie Brilliant Blue R-250. Contact areas between the ␣ and ␤ subunits of diol and glycerol dehydratases were calculated from their X-ray structures using the program CNS (32).
RESULTS AND DISCUSSION
Production and distribution of the hybrid enzymes between diol dehydratase and glycerol dehydratase
For the production of hybrid enzymes at high levels, we constructed expression plasmids pUSI2E(␣D␤D␥G), pUSI2E(␣D␤G␥D), pUSI2E(␣D␤G␥G), pUSI2E(␣G␤D␥D), pUSI2E (␣G␤D␥G), and pUSI2E(␣G␤G␥D) in which genes for the three subunits of either diol dehydratase or glycerol dehydratase were placed sequentially under control of the tac promoter. Expression plasmids pUSI2E(␣D␤D␥D) and pUSI2E(␣G␤G␥G) for diol dehydratase and glycerol dehydratase were also constructed as controls. Recombinant E. coli JM109 cells transformed with these plasmids were cultivated in LB medium containing 0.1% 1,2-propanediol, induced by IPTG, and harvested. Expression of the genes in the cells was analyzed by SDS-PAGE ( Fig. 2A) . As indicated with arrowheads on the right of each lane, all the three subunit polypeptides of hybrid enzymes were highly produced in E. coli cells. Table 1 summarizes the distribution of enzyme activity that was measured using 1,2-propanediol as substrate in the absence of Brij35. Among the hybrid enzymes, only ␣G␤D␥D and ␣G␤D␥G showed activity comparable with those of the wildtype dehydratases. The ␣G␤D␥G hybrid enzyme existed mainly in a supernatant fraction (91%), whereas the ␣G␤D␥D hybrid enzyme resided chiefly in a precipitant fraction (97%). Like wild-type diol dehydratase (6), the latter hybrid enzyme can be solubilized with a 1% Brij35-containing buffer without loss of activity. The other hybrid enzymes showed activity less than 1% those of the wild-type diol and glycerol dehydratases. These traces of activity existed mainly in the supernatant fraction.
Since most of enzyme activity can be recovered in a soluble fraction in the presence of 1% Brij35, we analyzed hybrid enzymes in the 1% Brij35 extracts by PAGE under non-denaturing conditions (Fig. 2B) . Thick bands of hybrid enzymes were observed in the lanes of 
addition to the lanes of wild-type dehydratases. Clear bands were also visible in the lanes of ␣ D ␤ G ␥ D and ␣ G ␤ G ␥ D hybrid enzymes, although their enzyme activities were very low. These four bands were excised, and their subunit composition was analyzed by SDS-PAGE. The results suggested that these bands are (␣␤␥) 2 complexes of these hybrid enzymes (data not shown). No obvious bands were visible in the lanes of ␣D␤D␥G and ␣D␤G␥G hybrid enzymes. Most of the subunit polypeptides of these two enzymes existed in an insoluble fraction in the inactive form and were not extractable with Brij35. Inability to form these hybrid complexes might be partly due to the loss of mutual interaction between heterologous ␣D and ␥G subunits, because the homologous ␣ and ␥ subunits form a tight complex (components S and A in diol dehydratase (6) and glycerol dehydratase (7), respectively). Tight interactions between ␣ and ␥ subunits were revealed by the X-ray structures of diol and glycerol dehydratases (7, 24) . Co-existence and mutual interaction of ␣ and ␥ subunits are required for correct folding of diol dehydratase (6) . When the ␣ and ␥ subunits were from the same origin, hybrid complexes were formed, as judged from the results of non-denaturing PAGE. Mutual interaction between heterologous ␣G and ␥D subunits might be possible, because the ␣G␤D␥D and ␣G␤G␥D formed hybrid complexes. It was suggested that the formation of a tight complex between ␣ and ␥ subunits is absolutely necessary but not enough for hybrid enzymes to manifest the enzyme activity. The ␣G␤D␥D was the only hybrid enzyme that accumulated in a precipitant fraction as an active form. The enzyme activity was completely extractable with 1% Brij35 from the crude membrane fraction. The reason for the low solubility of this hybrid enzyme may be that both of its ␤ and ␥ subunits are derived from diol dehydratase, because diol dehydratase has low solubility and exists mainly in a precipitant fraction in K. oxytoca cells (33) and recombinant E. coli cells (6) . In contrast, glycerol dehydratase is highly soluble and exists in a cytosolic fraction. Predicted amino acid sequences of the subunit are well conserved between the two dehydratases except that the ␤ and ␥ subunits of diol dehydratase have extra amino acid residues in their N-terminal regions (16) (17) (18) . Although hydropathy profiles show that these N-terminal regions are neither hydrophobic nor hydrophilic, removal of the regions from the ␤ and ␥ subunits of diol dehydratase by limited proteolysis with trypsin (23, 34) or by gene engineering techniques (23) makes the enzyme highly soluble.
Purification of hybrid enzymes
We attempted to purify the ␣D␤D␥G, ␣D␤G␥D, ␣G␤D␥D, and ␣G␤D␥G hybrid enzymes by the procedures developed for glycerol dehydratase, a soluble enzyme, and for diol dehydratase, a low-solubility enzyme. Purification of the ␣G␤D␥D and ␣G␤D␥G hybrid enzymes by the procedures described in the experimental section was successful, but we could not achieve the purification of ␣D␤D␥G and ␣D␤G␥D hybrid enzymes because of their instability and low activity. Upon SDS-PAGE (Fig. 3) , each hybrid enzyme thus purified gave the three major bands in the positions corresponding to the ␣, ␤, and ␥ subunits of diol or glycerol dehydratase. As shown in Table 2 , specific activities as well as kcat values of the ␣G␤D␥D and ␣G␤D␥G hybrid enzymes were slightly lower but roughly in the range comparable to the wild-type diol and glycerol dehydratases when determined with 1,2-propanediol as substrate.
Characterization of hybrid enzymes
Kinetic parameters determined using purified hybrid enzymes are summarized in Table 2 . Apparent Km values of the ␣G␤D␥D and ␣G␤D␥G hybrids for AdoCbl were 1.5 and 2.6 M, respectively, which were slightly larger than that of diol dehydratase and much larger than that of glycerol dehydratase. The X-ray structures of diol and glycerol dehydratases indicated that AdoCbl is bound in the interface between ␣ and ␤ subunits (7, 24) . Interaction between heterologous ␣ and ␤ subunits might not be optimal for the coenzyme binding, although the ␣ subunit is derived from glycerol dehydratase that binds AdoCbl very tightly. The total contact areas between the ␣ and ␤ subunits are 1,810 Å 2 and 1,460 Å 2 for diol dehydratase and 1,939 Å 2 and 1,519 Å 2 for glycerol dehydratase in the presence and absence of cobalamin, respectively. Thus, the interaction between the ␣ and ␤ subunits for glycerol dehydratase may be stronger than that for diol dehydratase, irrespective of the presence of cobalamin. This can explain why the former enzyme binds AdoCbl much more tightly than the latter enzyme (7). In addition, it seems reasonable that the apparent Km values for AdoCbl for hybrid enzymes containing heterologous ␣ and ␤ subunits are larger than that for glycerol dehydratase. It might also happen that hybrid enzymes containing ␣G␤D form highly active (␣␤␥)2 complexes, although intracellular localization is different, whereas hybrid enzymes containing ␣D␤G do not efficiently form (␣␤␥)2 complexes and thus are inactive.
As for Km values for substrates, we could not measure the Kms with ␣G␤D␥G hybrid, because substratefree ␣G␤D␥G was very unstable. The Km values of ␣G␤D␥D hybrid for 1,2-propanediol and glycerol were 0.23 mM and 1.2 mM, respectively, which are comparable with those of wild-type glycerol dehydratase (␣G␤G␥G). Table 3 shows the ratio of glycerol-dehydrating activity to 1,2-propanediol-dehydrating activity (G/ P ratio) measured by 1-min assay, which is a good indicator for the substrate specificity (11) . The G/P ratio of 2.3 for the ␣G␤D␥D hybrid enzyme by 1-min assay was comparable with that of glycerol dehydratase. Thus, the hybrid enzyme prefers glycerol to 1,2-propanediol as glycerol dehydratase does, suggesting that the substrate specificity is decided by the ␣ subunit of the hybrid enzyme. This is reasonable, because the substrate binding site is in the TIM barrel of the ␣ subunit (7, 24) . Diol dehydratase undergoes suicidal inactivation by glycerol much faster than glycerol dehydratase (2, 9, 10) . The rates of inactivation (kinact) of ␣G␤D␥D and ␣G␤D␥G hybrids by glycerol were comparable with that of glycerol dehydratase rather than that of diol dehydratase (Table 2) . Thus, these hybrid enzymes seem to be less susceptible to the inactivation by glycerol, because their ␣ subunits are derived from glycerol dehydratase. This suggests that the susceptibility of hybrid enzymes to the inactivation by glycerol is also decided by the ␣ subunit.
Specificity of hybrid enzymes for monovalent cations was determined by measuring the enzyme activity with 1,2-propanediol as substrate in the presence of monovalent cations (12) . Figure 4 shows the relationship between ionic radius and relative cofactor activity of each metal ion. When the cofactor activity of K ϩ was taken as 100%, Rb ϩ showed comparable activity to K ϩ for all of the wild-type and hybrid enzymes. The largest difference in the monovalent cation specificity between diol and glycerol dehydratases is seen with Na ϩ (11). Na ϩ was 66% as effective as K ϩ for diol dehydratase, but much less effective (Ͻ10%) for glycerol dehydratase and the ␣G␤D␥D hybrid enzyme. For ␣G␤D␥G, effectiveness was intermediate (34%). Cs ϩ showed 52% and 56% of the cofactor activity of K ϩ for ␣G␤D␥D and ␣G␤D␥G, respectively, which were closer to that for diol dehydratase than to that for glycerol dehydratase. Li ϩ was ineffective (Ͻ2%) for either of the wild-type and hybrid enzymes. In general, glycerol dehydratase has a narrower monovalent cation specificity than diol dehydratase (11), and two hybrid enzymes containing the ␣G subunit showed a narrower specificity spectrum than diol dehydratase and a wider spectrum than glycerol dehydratase. This suggests that the ␣ subunit may be a primary determinant of monovalent cation specificity. This is consistent with the fact that the essential K ϩ ion is bound in the inner part of the TIM barrel of the ␣ subunit (7, 24) .
